of slurry as an organic fertilizer for crop production represents a different situation, where mass flow is dom-
are (i) disc injection, which gives a sideward displacement of the soil and typically results in a well-defined and smooth-walled slit; and (ii) harrow tine injection, where pressure on the soil is concentrated at the bottom W ithin agriculture, field application of slurry of the injection slit and soil structure around the injec-(liquid manure) by direct injection is widely used.
tion slit is broken up. The potential for compaction or The technique can minimize NH 3 volatilization, thereby smearing of soil around the injection slit is likely to increasing N use efficiency (Sommer and Hutchings, depend on soil texture and soil moisture at the time of 2001) while also protecting natural ecosystems against application (Baker et al., 1996) . excessive N loads via deposition of airborne NH 3 (Pear- This study aimed to characterize the injection slit son and Stewart, 1993) . Furthermore, this application environment and the infiltration of several slurry commethod, when properly performed, enables slurry amendponents under practical conditions. We hypothesized ment to established crops and grasslands with minimum that both slurry organic matter content and injection risk of leaf damage or dispersal of pathogens (Chen and method would influence the distribution of slurry comTessier, 2001) .
ponents, and these questions were addressed in experiIn the past, studies of slurry infiltration have mostly ments that involved two contrasting slurries, two injecbeen motivated by the need to prevent ground water tion methods, and two soil types. Existing methods were pollution from slurry lagoons or feedlots, or from fields adapted to quantify slurry water retention capacity, inirrigated with diluted slurry, and the focus has therefore jection slit permeability, and water redistribution while been on steady state infiltration rates (DeTar, 1979;  slurry samples enriched with stable isotopes were used McCullough et al., 2001) . Application to track the redistribution of dissolved C and N. of Ϫ0.016, Ϫ0.047, and Ϫ0.100 MPa (Waldron and Manbeian, 1970) . The PEG molecular weight was 5000 to 7000 Da. Since the extraction of slurry water would dilute the PEG solutions and thus change their osmotic potential, the samples were transferred to fresh solutions after 48 h. The incubation was were at equilibrium with the PEG solutions, as determined
56؇29 N, 9؇34 E (Foulum).
in a preliminary experiment (Fig. 2) . At the end of incubation, tions of these sites in the western part of Denmark were 55Њ52Ј
samples were cut open and the slurry residue was sampled N, 9Њ49Ј E (Bygholm) and 56Њ29Ј N, 9Њ34Ј E (Foulum). The for determination of water content; it was assumed that VS Bygholm soil was a Glossic Phaeozem with a mineral composiwas fully retained by the membrane and was not degraded tion of 72% sand, 15% silt, and 14% clay. It contained 15 g during the incubation period. kg Ϫ1 total C and 1.4 g kg Ϫ1 total N. The pH KCl was 5.8 and the cation exchange capacity (CEC) was 12.3 cmol kg Ϫ1 . The
Permeability of Injection Slits
Foulum soil was a Typic Hapludult with a mineral composition
The effect of injection method on infiltration capacity was of 79% sand, 13% silt, and 8% clay. It contained 19 g kg Ϫ1 assessed by measurements of air permeability (Roseberg and total C and 1.8 g kg Ϫ1 total N. The pH KCl was 5.9 and the McCoy, 1990) . Air permeability was measured with soil cores CEC was 13.1 cmol kg Ϫ1 . The experiments were performed taken in stainless steel cylinders (diam., 32 mm; length, 50 mm; on recently tilled fallow soil that had been used for growth wall thickness, 0.5 mm). A cylinder was mounted in a test rig of small-grain crops the previous year. (Fig. 3A) , and then a pressure gradient was established across To quantify the relationship between slurry organic matter the soil sample which induced a mass flow through the soil content and water retention, a total of 22 different slurries column. The flow through a porous medium can be described were collected at farms near the Foulum site in February 2000.
by Darcy's law: The slurries were sampled from dairy cattle, beef cattle, piglet, and slaughter pig production facilities. Slurry was collected q ϭ (k a /)[(dp)/(dx)]
[1]
from either a prestorage tank or the main storage tank, and the slurries thus varied in age between a few days and several where q is flow rate (m 3 s Ϫ1 ) and k a is the permeability (m 2 ) months. Four of the slurries had been anaerobically digested for the specific material, is the dynamic viscosity of the before storage. Volatile solids were quantified as a measure mobile phase (kg m Ϫ1 s Ϫ1 ), p is the pressure (kg m Ϫ1 s Ϫ2 ), and x of organic matter content, while two selected slurries to be is the distance (m). Equation [1] is only valid under isothermal used for a field experiment (see below) were further characterconditions and at laminar flow, but applies to both liquid and ized (Table 1) . air flow. Hence, air permeability measurements should also reflect the potential for infiltration of slurry liquids.
Slurry Water Retention Characteristics
The air permeability was calculated by integrating Eq.
[1] (Kirkham, 1947) : Water retention capacity of the 22 slurries was quantified at three selected water potentials by osmosis (Zur, 1966) .
Lengths (15 cm) of dialysis membrane (Spectra/Por 3, SpecHere, Q is the volumetric flow rate (m 3 s
Ϫ1
), ⌬P is the trum Lab., Rancho Dominguez, CA) with a molecular weight pressure gradient across the sample (kg m Ϫ1 s Ϫ2 ), a s is the cutoff value of 3500 Da were soaked in demineralized water cross-sectional area of the sample (m 2 ), and L s is the length for 30 min, wiped dry with tissue, and closed at one end with of the soil sample (m). a plastic clip. Slurry was then added to the membrane via a A standard method for determination of air permeability funnel and the membrane closed with a second clip. Duplicate was downscaled to accommodate the experimental situation, samples of the 22 slurries were prepared for each water poand so it was first tested under laboratory conditions with soil tential.
from the Bygholm site. The soil water content was adjusted The samples were incubated in solutions (0.2 L per sample) to 135, 164, or 186 g kg Ϫ1 by partial drying at 50ЊC, and then of polyethylene glycol (PEG) (Fluka, Copenhagen) containing 30, 60, and 90 g PEG L Ϫ1 , corresponding to osmotic potentials the soil was packed in boxes of 16 ϫ 26 ϫ 14 cm (l ϫ w ϫ h ) and compacted with uniform pressures of 6, 12, or 18 kN m Ϫ2 . Eleven soil cores were taken in a fixed pattern (three rows with four, three, and four samples) for measurements of air permeability, which were performed at head pressures ranging from 0.5 to 4 kPa. In the field, direct injection was simulated by mounting pairs of either two-disc or harrow tine injection units on a tractor with a three-point linkage and then injecting to a depth A constant head pressure of 1 kPa was used for the field meaof 6 to 7 cm, but without slurry application during this operasurements.
tion. Randomly selected slit sections were excavated so as to leave one side of the injection slit undisturbed, and soil cores were then taken in the bottom part of the opposite slit wall fixed because of practical limitations; hence, the experimental (Fig. 3B ). Measurements were performed within 4 h of injecdesign was not completely randomized. tion. Five different trials with simulated injections were conApproximately 24 h after slurry application, measurements ducted, two at the Foulum site (Trials 1,2) and three at the of volumetric water content () and apparent soil electrical Bygholm site (Trials 3-5). In one of the trials at Bygholm, the conductivity (EC a ) were initiated in and around injection slits interaction with soil moisture was examined by simulating with untreated slurry. All four combinations of injection 30-mm rainfall before injection. The air permeability data method and slurry type were monitored and each combination reported from field trials were obtained at a head pressure of duplicated. Small metal-coated PCB-TDR probes (Nissen 1 kPa, and the bulk density of soil cores was subsequently deet al., 2003; Fig. 4A) were installed in a vertical cross-section termined.
of each slit. In contrast to conventional straight TDR probes, the PCB-TDR probe features a carrier material (the circuit board) on which a serpentine waveguide (probe rods) is posi-
Distribution of Slurry Components
tioned. This reduces the outer dimensions of the probe signifiThe last part of this study was a field experiment which cantly while maintaining a sufficient waveguide length to obexamined (i) the distribution of the slurry liquid phase and tain precise near point estimates of volumetric soil moisture, dissolved ions and (ii) the distribution of 15 N-labeled ammo-. The probes were positioned in an array of four probes nium (NH ϩ 4 ) and 13 C-labeled acetate (CH 3 COO Ϫ ) as a function per slit, thus enabling measurements of and EC a in both of slurry type and injection method. The experiment was based horizontal and vertical direction relative to the bottom of the on simulated direct injection, as described above, followed by injection slit (Fig. 4B ). Probe positions were located with a manual slurry application to sections of the injection slits as plastic template, and probe slits were made with an undersized specified below.
(relative to the PCB-TDR probes) metal poking instrument The experiment was initiated at the Foulum site on 22 June to prevent probe damage during installation. The TDR probes 2000. Lanes, each consisting of two slits, were prepared by were connected to a fully automated system including a Teksimulated full-scale disc injection and harrow tine injection as tronix (Beaverton, OR) 1502 B cable tester, a laptop comdescribed above. In each slit, four randomly selected sections puter, and two multiplexers and TACQ software (Vadoze were delimited by insertion of steel plates to about the 10-cm Zone; Houston, TX). Upon probe installation, the soil profiles soil depth. These four sections per slit were amended with were covered with insulating material and soil. Time domain untreated cattle slurry, untreated pig slurry, labeled cattle reflectometry traces were acquired every half hour during a slurry, or labeled pig slurry within 1 h of the simulated injec-2-wk period and stored for later processing. tion. The application rates of cattle and pig slurry corre-
The presence of the circuit board within the sample volume sponded to 50 and 30 Mg ha Ϫ1 , respectively, and the slits were of the PCB-TDR probe will influence the measured relative covered with soil following slurry application to minimize NH 3 dielectric permittivity (K ). For determination of , this was losses. The two slits of each lane represented the replicates compensated for by creating a relationship between K measured by the PCB-TDR probe (includes contributions from of each treatment, and the order of treatments within a slit was both the medium surrounding the probe and the circuit board) Dissolved organic C was determined with persulfate digestion of diluted slurry after filtration (Ͻ0.45 m) (Paul et al., 1999) . and K of the medium surrounding the probe. The relationship was established in a calibration experiment with immersion Soil texture was determined after dispersion with sodium pyrophosphate. Clay and silt was quantified by sedimentation of the PCB-TDR probes in air and fluids having well-known K values; the calibration procedure is described in detail by in a hydrometer, and sand fractions by wet-sieving (Gee and Bauder, 1986) . The size distribution of slurry particles was Nissen et al. (2002) . In the present study, we used an empirical -K relationship for the Foulum soil (Jacobsen and Schjøn-measured with a water-jet sieving device (Møller et al., 2002) . Manure samples (0.5-1.0 kg) were added on top of six nested ning, 1993). Apparent soil EC determination with the PCB-TDR probes followed the procedure used for conventional sieves of decreasing mesh size (1000, 500, 250, 100, 50, and 25 m). A spraying arm with 34 nozzles rotated over each TDR probes (Nadler et al., 1991) . Further, the probe cell constant, K p , was determined for each probe before they were sieve, and the liquid was collected in a tray below the 25-m sieve. The amount of slurry dry matter in each fraction was used in the field.
To investigate the redistribution and possible retention of determined after drying (48 h at 65ЊC).
Bromide was determined with a Metrohm (Herisau, Switspecific slurry components, portions of the two slurries had been spiked with 13 CH 3 COONa (Cambridge Isotope Laborazerland) 690 ion chromatograph. Inorganic N was quantified by standard colorimetric methods (Keeney and Nelson, 1982) . tories, Andover, MA) at a rate of 0.8 g kg Ϫ1 slurry, with NaBr (included as an inert reference) at a rate of 1 g kg Ϫ1 slurry, For isotope analyses, dried soil samples were ball-milled, and subsamples of 10 to 40 mg packed in tin capsules. Total conand with ( N isotopic ratios, were measured on a Carlo Erba (Milan, Italy) EA 1110 elemenSlurry portions with tracers were shaken for 16 h at 2ЊC for equilibration. Injection slit sections with labeled slurry were tal analyzer coupled in continuous flow mode to a Finnigan MAT Delta PLUS isotope ratio mass spectrometer (Thermosampled after about 24 h. Blocks of soil, 14 ϫ 4 ϫ 8 cm (l ϫ w ϫ h ), were taken with a rectangular steel corer and sectioned Finnigan, Kungens Kurva, Sweden). as indicated in Fig. 5 N around slurry-amended injection slits, although the pH 8.8).
distribution of treatments was not fully randomized. Each of the eight sections were analyzed separately.
Analytical Techniques
Dry matter was determined after drying at 105ЊC for 24 h,
RESULTS AND DISCUSSION
and VS after an additional 3 h at 450ЊC (Broadbent, 1965) .
Slurry Water Retention
The water retention of 22 slurries with VS contents ranging from 3 to 93 g kg Ϫ1 was quantified at three different water potentials with a method originally developed for soils (Zur, 1966) . The particular advantage of using solutions with defined osmotic potentials for adjustment of slurry water potential was the fact that equilibration occurred under submerged conditions, where the limited oxygen diffusion (10 4 times slower than in air) and high oxygen demand of the slurry would have ensured largely anaerobic conditions, thereby restricting the degradation of partic- of VS content at three different water potentials. At layer and found that neglecting diffusion of ammonium from the slurry layer changed net nitrification rates at Ϫ0.047 and Ϫ0.100 MPa, cattle and pig slurry clearly followed the same relationship between water retention 1-cm distance from the soil-slurry interface by up to 50% depending on slurry type and soil moisture. and VS, whereas the results at Ϫ0.016 MPa were more scattered. The four anaerobically digested slurries followed the same relationships as untreated slurry. Hence,
Permeability of Injection Slits
water retention characteristics of slurry VS appeared to
The infiltration rate of injected slurry will depend on be independent of slurry origin or treatment before the potential for mass flow, or permeability, across the storage, a finding which could facilitate prediction of injection slit wall. A modified method for measuring slurry infiltration characteristics on field application. At air permeability was tested under controlled conditions, all three water potentials the relationship between VS and Fig. 7 shows, for a water content of 186 g kg Ϫ1 , air and water retention could be expressed as:
flow as a function of head pressure at the three levels relative water loss ϭ 1/(1 ϩ aVS) [3] where the parameter a is a function of water potential.
Values of a (shown in Fig. 6 ) were determined by curve fitting, and disregarding the two outliers (both pig slurry) at Ϫ0.016 MPa. Equation [3] provides an estimate of the fraction of slurry liquids that will become absorbed by the soil matrix at equilibrium. In practice, dissolved and suspended organic matter will follow the liquid into the soil, and the final distribution of VS and liquids must be determined by an iterative procedure. Transformations of C and N in slurry liquids absorbed by the soil will take place in a well-aerated environment, whereas C and N in liquid retained in the injection slit will be metabolized in an environment that is dominated by slurry with higher moisture content and biological activity, and therefore lower oxygen status, compared with the bulk soil (Rice et al., 1989; Clemens and Huschka, 2001) . It is likely that the description of N transformations and environmental losses after slurry injection could be improved if the inherent heter- of compaction employed. The curvilinear part of each in the 500-to 1000-m fraction. However, in both slurcurve reflects turbulent flow, and a head pressure of 1 ries most of the dry matter was in the 0-to 25-m kPa was therefore chosen for subsequent measurefraction. ments. In the test, air permeability ranged from 56 to About 1 d after simulated injection and manual appli-266 m 2 and showed the expected decrease in permecation of slurry, PCB-TDR probes were installed in ability with increasing moisture and compaction level and around cross sections of injection slits, as shown (data not shown).
in Fig. 4B , for monitoring of and EC a . There was Five field trials with simulated disc injection and harconsiderable variation between replicate injection slits row tine injection were conducted to evaluate the effect in the absolute responses observed, but the temporal of injection method and soil conditions, as reflected in dynamics were consistent. Possible reasons for the variair permeability measurements. A variety of soil physiability was fluctuating slit width leading to varying cal methods have shown compaction at the bottom of amounts of slurry in the 5-cm length intervals covered slits made by disc coulters for direct drilling, while no by the probes, or incomplete contact between probe compaction was found with harrow tine (chisel) coulters and soil or slurry. (Baker and Mai, 1982; Iqbal et al., 1998; Munkholm et Figures 8 and 9 show a selected data set for each al., 2003). Therefore, different effects of disc injection injection method with pig slurry and cattle slurry, reand harrow tine injection on soil permeability were also spectively. Actual readings for the outmost sampling expected. However, the results presented in Table 2 position (Position C in Fig. 4B ) are shown in the leftwere complex and not readily interpreted. In two trials hand column, and relative deviations at the other probe (Trials 3 and 4), the air permeability was significantly positions are shown in the middle () and right-hand greater after disc injection than after harrow tine injeccolumn (EC a ). In the 1-to 9-d period after probe instaltion, while the three other trials showed no difference lation, and EC a fluctuated around a constant level between methods. Both methods showed reduced perin all treatments, though with some difference in the meability compared with the undisturbed control soil amplitudes. Rainfall (6.6 mm) during Day 9 temporarily in Trial 1, as expected, while in Trials 2 and 5 there increased , and also significantly increased EC a . was no significant difference between control soil and For pig slurry, moisture was more concentrated injection slits. No relationship between soil moisture around the injection slit (difference between Probes A and air permeability could be identified, and a major and C Ͼ difference between Probes B and C) with disc effect of injection method on injection slit wall permeinjection than with harrow tine injection (Fig. 8 , top ability could thus not be shown for the soil conditions panel), and the moisture level below the slit was higher. examined. Bulk density of the soil cores ranged from Apparent electrical conductivity was highest in the in-1.3 to 1.7 g cm Ϫ3 with no treatment effects (data not jection slit, but values converged during the 14-d period, shown), suggesting that soil structure varied considerindicating diffusion of charged compounds away from ably. Permeability is greatly influenced by macropores the injection slit. With harrow tine injection of pig slurry and in particular by pore continuity (Ball et al., 1997) , there appeared to have been a considerable horizontal and such factors may have dominated the levels of air distribution of slurry liquids during the first 24 h, or permeability recorded.
initial mixing of slurry into a large soil volume, as indicated by similar EC a levels in all positions (Fig. 8, bottom Distribution of Slurry Liquids panel). Here, the water content registered in Position A was lower than in the reference position (C), possibly The cattle slurry and pig slurry selected for the field because of incomplete contact between probe and soil experiment differed both quantitatively and qualitaas suggested above. tively (Table 1 ). The greater dry matter content of cattle For cattle slurry, moisture gradients were less proslurry is typical for animal production in Denmark, as is nounced than for pig slurry (Fig. 9) . This was unexpected the high proportion of total N as NH ϩ 4 in pig slurry.
in view of the higher organic matter content and thus With respect to particle size distribution, cattle slurry water retention capacity of cattle slurry, and in contrast had a higher proportion of large particles (Ͼ1000 m) than pig slurry, whereas pig slurry had more particles to the profiles of EC a and chemical parameters (see next section). Cellulosic materials have a complex structure slurry to trace the distribution of dissolved compounds. with an internal surface area of 300 m 2 g Ϫ1 (Cowling These treatments were sampled after about 24 h and and Brown, 1969), and water in these voids could be tracer concentrations in the eight sections of each samshielded from the TDR trace. The abrupt increase of ple (Fig. 5) quantified. soil moisture in the treatment with disc-injected cattle
The inert Br Ϫ ion (Table 3 ) was expected to follow slurry after 6 d could not be explained, but probably the liquid phase of the slurry and thus to supplement represented a change in the shape of the TDR wavethe observations made by TDR. There were strong graforms influencing the travel time determination for dients of Br Ϫ with distance from the injection slit, reprobe C, as indicated by the sudden change relative to flecting the predominance of slurry in and around the the other probes (middle plot). As with pig slurry, the injection slit. Concentrations of Br Ϫ near the injection horizontal distribution of EC a showed stronger gradislit were much higher for cattle slurry than for pig slurry, ents after disc injection than after harrow tine injection indicating that water retention in the injection slit was of cattle slurry (Fig. 9) . greater with cattle slurry, which also had the highest VS The most striking feature of the data presented in content (Table 1) . Furthermore, Br Ϫ showed a greater Fig. 8 and 9 is the fact that differences in between horizontal distribution with harrow tine injection, in probe positions were maintained across time and reaccordance with the TDR data, although the difference established after a rainfall event. It implies that soil was only significant for pig slurry, Section 5 (Table 3) . conditions around the injection slit were modified on a Bromide concentrations showed no treatment effects more permanent basis. This may reflect a collapse of with respect to the downward movement of liquid (Secsoil structure due to the mass flow of water at the time tions 6-8), in contrast to the TDR measurements. This of slurry injection (Or, 1996) , or slurry particles could may be because Br Ϫ concentrations represented a have been transported into the soil matrix, contributing greater depth interval (4-to 8-cm depth) than TDR to an increased water retention capacity (Olesen et measurements (approximately 5-to 6-cm depth). al., 1997b).
Concentrations of N ratios below the level achievable by simple mixing of components implies that confirmed the establishment of slurry liquid gradients around the injection slit, as well as treatment effects, the composition of slurry in and around the injection zone had changed with respect to C and N during the but any differentiation in the distribution of slurry C and N was not evident from these data.
first 24 h after application. The following mechanisms could have contributed to a decrease in 13 C relative to To reduce the impact of soil heterogeneity, ratios of atom % fraction of slurry C in soluble form (compare VS and dissolved organic C in Table 1 ) was lower than the and Section 3 (pig slurry only) were around 1.0 and thus lower than both slurries and soil. In Fig. 10 N ratio within the injection turbed soil with all treatments, indicating that little slurry had reached these parts of the soil profile. One zone was assessed by assuming that 80% of pig slurry liquids and 50% of cattle slurry liquids were reallocated exception was pig slurry applied with harrow tine injection, which had a 13 C to 15 N ratio Ͻ 2 in Section 5; to the soil (compare Table 1 and Fig. 6 ). However, even if no native slurry C was mobile and all slurry N was this confirmed the other evidence for large horizontal distribution of pig slurry after harrow tine injection.
mobile, this could not explain 13 C to 15 N ratios below 1.5 (calculations not shown). Therefore, physical redisAlso, pig slurry gave 13 C to 15 N ratios around 2.0 in Sections 6 and 7 (below the injection zone), suggesting tribution of slurry liquids could not alone explain the low isotopic ratios observed in and around the injection that the dilute pig slurry was more likely to move verti- (Sørensen and Jensen, 1995) (Petersen et al., 1992) was greater with discrete as op- ditions (Firestone and Davidson, 1989 ). Removal of degradable C by anaerobic digestion reduced the emission slit. Acetate is readily degraded in soils (Alexander, of N 2 O from band-applied slurry by 20 to 40% during 1981), and losses of 13 C to the atmosphere would lower growth of spring barley (Petersen, 1999) , indicating that the 13 C to 15 N ratio. Previous laboratory studies with a slurry composition can influence the activity of these soil-slurry model system have found intense biological microbial groups significantly under field conditions. activity at the soil-slurry interface within 24 h of slurry Soil texture also interacts with slurry components. application Frostegård et al., 1997) , Microplot studies with simulated injection of 15 N-labeled which could have removed part of the 13 CH 3 COOH. Ammonium retention by adsorption to soil particles is reslurry showed that plant uptake of slurry NH with soil clay content (Sørensen and Jensen, 1995) , 95:152-187. which was explained by a greater retention of NH (Sørensen and Jensen, 1998 effects of both injection method and slurry properties
